Introduction
Chitosan is a biopolymer obtained by partial deacetylation of chitin, which is the second most abundant polysaccharide in nature after cellulose [1, 2] . However, chitosan has a high molecular weight and low solubility in most solvents, which limits its applications in agriculture [3, 4] , food and beverages [5] , waste water treatment [6] [7] [8] , pharmaceuticals [9, 10] and biomaterials [11] . By the degradation process chitosan can be converted into the low-molecular-weight chitosan which exhibits good water solubility. To date, acid hydrolysis, basic hydrolysis and oxidationbased methods are commonly used for the preparation of the lowmolecular water-soluble chitosan (LMWSC). Catalytic oxidation with hydrogen peroxide is particularly attractive from the economical and environmental benefits. However, oxidative degradation of chitosan using H 2 O 2 without additives is inefficient. Thus, the combined methods for degradation of chitosan by using H 2 O 2 and chemical or physical techniques, such as the catalysis of Fe 2+ , Cu 2+ , heterpoly compounds, ultraviolet, microwave irradiation and gamma radiation, have been studied [12] [13] [14] [15] 32 accelerates the formation of free radicals by the disassociation of hydrogen peroxide. 3) the free radicals can attack the b-(1-4) glucosidic bond of chitosan to obtain the LMWSC. To the best of our knowledge, however, little experimental data is available to support this conjecture. Besides, some researchers [19, 20] 
The typical procedure of the degradation of chitosan
In a typical reaction, a mixture of 0.200 g of chitosan, 4.2 mmol tungsten (W) in the catalyst, 5 mL of the distilled water, 1 mL of 30% H 2 O 2 , were stirred in the 50 mL round-bottomed flask for 20 min at different temperature. After the reaction, NaOH was added to the filtrate until pH = 7. The products were extracted with ethanol. The obtained white precipitate was filtered out, dried in vacuum and then analyzed.
Determination of tungsten
The filtrate was evaporated and calcinated at 400uC. Then the samples were digested by microwave with the digestion solvent of 40 mL NaOH solution (0.025 g/mL). After being digested for 30 min by medium-high level microwaves, the sample was cooled to room temperature, and 1 g EDTA and 30 mL deionized water were added into the beaker. Then the solution was transferred into 100 mL volumetric flask (1).
2 mL KSCN (0.5 g/mL), 4.5 mL SnCl 2 (0.008 g/L) and 1.5 mL TiCl 3 (0.15 g/mL) were added into 10 mL (1) solution, transferred 25 mL volumetric flask. Then the solution was measured on the Spectrophotometer 721 at l = 406 nm.
Analytical method
The degradation ratio of chitosan was defined as follows:
where R refers to the degradation ratio of chitosan, M 0 refers to the quantity of the original chitosan, M cat refers to the quantity of the catalyst, M x refers to the quantity of the collected solid after degradation under different conditions. The Ubbe-lodhe viscosimeter was used to determine the intrinsic viscosities at 303 K. Chitosan was dissolved in 0.1mol/ L CH 3 COONa-0.2 mol/L CH 3 COOH solution. The viscosity average molecular weight (M v ) was calculated according to the following equation [16] [17] [18] .
Here,g sp ,g r refer to the incremental viscosity and the relative viscosity respectively, C is the concentration of the LMWSC (g/ mL). M v is the viscosity average molecular weight.
The FT-IR spectra of samples were recorded on a NEXUS 670 FT-IR spectrometer with KBr pellets prepared by manual grinding. Raman spectra of samples were recorded on Renishaw RM1000 (l = 514.5 nm). Fluorescence spectra were acquired with an FLSP920 spectrofluorometer (Edinburgh Instruments Ltd, UK) at 2061uC, equipped with a temperature-controlled circulator (Julabo, Germany). X-ray diffraction (XRD) patterns of samples were carried out on a PW 3040/60 X-ray diffractometer (Philips, Netherlands) with Cu Ka target at 40 kV and 40 mA. The samples were scanned from 5uto 70uof 2h. The UV-vis absorption spectra of the samples were measured in the range of 100-800 nm on a UV-vis spectrometer (Nilcolet Evolution 500, Thermo). The metal content of the product solution was measured on the Spectrophotometer 721 (Shanghai Analysis Instrument Company).
Results and Discussion

The characterization of chitosan
The chitosan and the LMWSC were characterized by FTIR in Figure 2A . belongs to the special absorb peaks of b-1,4 glycoside bond in chitosan [22] . The similar characteristics in the FTIR spectrum of the LMWSC can also be observed. Besides, a new absorption peak at 1720 cm 21 is observed in the spectrum of the LMWSC, which is assigned to the absorption of the carboxylic group (-COOH). It indicates the existence of the carboxylic group in the LMWSC.
To further identify the carboxylic group of the LMWSC, DRS analysis are given in Figure 2B . There is an absorption band at 324 nm in the original chitosan, which is caused by the nRp* transition of residual acetyl (DD.90%). Compared with that of chitosan, the DRS spectrum of the LMWSC has a new absorption band at 357 nm caused by the nRp* transition of a carboxylic group in the LMWSC. Consequently, the DRS patterns reflected that the carboxylic group was formed, which coincided with the analysis of the FTIR spectra.
The X-ray powder patterns of chitosan and the LMWSC are shown in Figure 3A . The pattern of chitosan shows two characteristic peaks at 2h = 10.4u and 20.0u which correspond to (1 0 0) and (0 2 0) reflections of the L-2 polymorph of chitosan [23] . For the LMWSC, the peak at 2h = 10.4u disappeared, and the strength of the peak at 2h = 20.0u decreased. It indicated the crystalline structure of the LMWSC was destroyed and the crystallinity decreased. LMWSC became more amorphous than chitosan [24] . It manifests that the degradation of chitosan occurred preferentially from the amorphous region to the water-soluble molecular, which dissolved in the water. With the further degradation, the crystalline structure was destroyed thoroughly. Figure 3B shows the viscocity average molecular weight (Mv) of the LMWSC versus time on the (TBA) 3 Figure 4C . We can see that the degradation ratio of chitosan is still high for the peroxo species, while only a very small amount of chitosan is degraded in the absence of peroxo species. Most interestingly, no significant change in the degradation ratio of chitosan was observed when (TBA) 3 4 } was soluble in water. When cooled to room temperature, it precipitated as a solid. Increasing the amount of the catalyst (10 mmol) in 5 mL water, part of the catalyst was still not soluble when heated at 50uC. Thus, we can conclude that the catalyst ascribed to the ionic compound has a certain solubility in the water when the water was heated, so that (TBA) 3 4 ] with the same W content gaved almost the same activities under the present reaction condition. The results also motivated us to revisit the structure of the two peroxo species (Figure 1) . Both of the peroxo species possess the same unit of W(O 2 ). It indicates that the unit of W(O 2 ) might be the active sites for oxidative degradation of chitosan. In order to prove the above suggestion, Na 2 WO 4 or (NH 4 ) 2 WO 4 with H 2 O 2 which could also form the active W(O 2 ) sites [21, 25] were used as the catalysts to degrade chitosan. As shown in Figure 4D , the two samples exhibit the degradation ratio of chitosan as high as that of K 2 The mechanism of the degradation of chitoan It has been well documented in previous work that the unit of W(O 2 ) is the active sites for oxidative different substrate such as epoxidation of olefins [26, 27] , desulfurization of fuels [28] , and oxidation of alcohols [29] . Our work also lead to the conclusion that W(O 2 ) structures are the active sites. There are efficient for the degradation of chitosan, even in the absence of H 2 O 2 . However, in the previous work, [13, 15] Figure 5B a,c) , which indicated a low content of ?OH was in the system and the peroxo species exhibited its inherent poor activity for the decomposition of hydrogen peroxide [32] [33] [34] [35] . Combining the above facts, H 2 O 2 was suggested to act as an oxidant to re-form the structure of W(O 2 ), on which chitosan was degraded. Hence, a plausible reaction mechanism might contain the active W(O 2 ) sites cutting the b-1,4 glycoside bond in chitosan to obtain the LMWSC and the regeneration of the active sites ( Figure 6 ).
Recycling of the catalyst (TBA) 3 Figure 7A . After removal of the catalyst, the degradation ratio of chitosan was obviously decreased, and only 0.6 mg/mL W was determined in the product solution. The degradation ratio of chitosan was slightly increased after 15 min probably due to the minute amount of W remained in the filtrate. Then, the recycling experiment of the catalyst was investigated. The results in Figure 7B show that the degradation ratio could still reach a high level of 96.2% after recycling 7 times. For comparison, the acid hydrolysis method was also used in the degradation of chitosan and hydrochloric acid of different concentration acid was employed ( Figure 8 ). With the increase in the concentration of HCl, the degradation ratio of chitosan increased. Although the degradation ratio could reach 74.8% in 3mol/L HCl, the degradation ratio decreased to 62.9% in 4mol/L HCl. It could be ascribed that the low concentration of hydrochloric acid favors the chitosan dissolving in solution, while high concentration of hydrochloric acid restrains the chitosan dissolution [36] . What's more, large amounts of inorganic acid are not friendly for the environment. It's clear that the novel catalyst developed herein is promising for application in preparation of LMWSC.
Conclusions
In conclusion, this study showed that the peroxo species K 2 4 } was efficient for the degradatiion of chitosan, and the recovered catalyst could achieve a high degradation ratio of 96.2% after 7 times.
